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(a) t^t^rtC, ^e^ir/WxV^:/^^ 

±HM^f5Igt, (b) />fc<£t>-o0>zKy:*>' 
^rS^^^^ir/KD^^U^ (LOD) 5ri^SL 

(c) cw^yh;/ 
^coi&ffl»£#tf>5Xafc^ (d) FtfrfEtf^irvMwO^ 
IgL (e) B^fEt 0 ^^r/^t'o^/^Tcotf^^T/^Ja^lt 

[SM2] Ig (a) (a 1) fcfc-o£> 

yy^hSrHft^tLTlSdc-t-SBlxat. (a 2) V 

^^«:»fie-r5B]Xgi:, (a 3) mfttfvfxttfa 
Sr*^5BJXgt«:^-A/-e*^. 1 f^fE®^ 

[S*#*3] ffl Xfi (a 3) fl, ^y^^^^fS]*, 

[f»3ft3S4l BUB (a 2) ll s WK^^i-i:^ 7y 
h^y V hSriSfla-rSXSSr^-C^S, f»#*3fc:fE 

[fit** 6] Ii (c) It (c 1) -m<D#W&ttM 
(UNLE) 2r#f/£LX, 7^*^;*^-*fc: 
*5tt£;7s, h^y v hSrWfSf+ttSBJXSt, (c 2) 

^-x^ir/^^iL^lpjSr^toSBlXSfc. (c 3) 
<7)BI«**t"St^**^x^ir^^Sr^fe5BIX 

[§»*«8] Ig (a) i>K (a 1) H-o« 
^y ^ hSrEft^i: UT«^-r5g'jxai:. (a 2) -7 



35K^^^Sr«^-f-6BIXgt. (a 3) «#MKs^*± 

[fS*«9] §ijxm (a 3) II. #;y^*±#[p]£, 
iffi7y h^y ^h<^5ilH^= I --^"*tt«5>J5i*r6 

[H*3gio] bixs (a 2) ii, wffwmmzx*)? 

ii fltsaiH^y h^y y h»^m^ftt>i£ 
[»*3gi2] 7y h^y > v<onm^^x^^m 

S4$^fe*[p]t-UNLE*:3i-rxSi, f^ir;M^o^ 
T^UNLE^iB*^^(-jgRSttfcig*^TT*fe 
S^^^SfffE^^^/i'Sr^SEf^fe^xat*^ e> 

f'lU Ig (b) - (d) O^T^^-y-y-r^ir/Kco 
t^xH;frf6, SB** 1 t-fiEtt^ffio 
[fiMf®14] Ig (b) LOD41RLT'>4< 

hryyhW^-t^ig^^^^t^^^ ft* 

mi 3(cKfcCD^rfe 0 
[!l*«15] «»^lft«^^ (LOD) i^*^bfc 

£:£#>5Xax**>oX. btfK "Ttx^-Y 

^Z>'Pti:< rfVi^J; i9^^^^6, Xg 

f^-feyuv^/urty h©7^^!iy h^^lgt, 
*tKJWct^t/U7y h^y >-h^ffi*Sr^^— r 
SiS^y^^Sr^^xair. f^^tffiLODt 

l::fe v oXififi£^6ia£:. flfffB^y h^y ^hrt^fc 

i^S'JU *UXtL^r^ir/uw3S^Sixfc»^ 
^1457 7 h^y ^ hrtt-fcSftewi. BfrfEfc'^ir/u 

w^ffi«tt^*^-rs*y-^t"^^«:*»§. xa^$ 

^-irs/ h^fi^-r-S^o^xWftStuXO^-^^x^ 
ir/KO^'^Xfo^. IS** 1 6 t-IEfc^^rfe 0 
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^(^^$tL6tirEIiJ^^^-^t: 0 ^ir/u (P i j ) <D 

u-<yu (lod) zmm-t&^&t, 

£^T/HW*ft**«#LX. ^IM^-^fcfctta 
[5§^WJS-t"Sa«4)-lff] #18 Wf*. H#Ctg (3D) 

— (2D) g^g^ffl 1/^^X5^ 

■-^H«^ (CIG) v^7^ (^77^^^T^ 

W^t'^^.T/i'JSttSr^rU Lf:/5 5 oXt/^x^ H: 
6) £7fM"f <5<7M:, 3^t°^ — ^iBtt^^xAX 

MIT, il^^ttfc^^^^^^^-^^x^^^^r 
(T^iryi-) ^Illt^f), ^^t3 0 CIG 
— K#y ^:x:/nir^<7)g^<Dfi$lt:o(^X 
ft, *H#ir^4, 727, 3 6 5^- (Advance 
d Video Object Generator. 



1 9 8 8*2^ 2 8 BSSfT) Rtf*B*fffFgU, 9 7 
4, l76-^(Microtexture for C 
lose-In Detail. 1 9 9 0*11^27 

t^J; 9^^^fr^*«w^0B^— at SixSo y 

xn, (t^^x? h#y ^B^w'LT) as/h£ 

y ^^tt^^:/^^ h^^rx^^ htfc^^-r 
5 (ip*>. ^y ^vfe»i^Lx^m^^A#<. — « 

j@X&>6) #&Mfl. -bH^^^^^^-^y 
ify^t^4t^i:Wofc« :©-MiLX 

a — K (White Line Down the C 
enter of the Road) J <Df§M&$> 

fe9-f ^^^vhJ&^fllfiKStiXi/^So ^tib<D&& 
7 4 >±?J > Ml, ^I^107^-h, iH5-f 

H6itS{-J:9»«i^^X^So yr^3DafeJM7 
>f ^0 2DSS.^^Xfi. 2o^)ffigt6 g^^riifiS; 

x.jfc</cC-5<o*|»±i-SCiX-4>!P. ^Zlcog^f^ # 

ir^y ^ h^aaUfcO^^Lfc*? LXmttSo ^^^^ 
Pp^JH^JSiJ^BBiiLfc^Jt LX. S^i^^tma^^ti^ 
fo6 0 BP^>, a^#t^LXi/^t#i:ii»iiXfe5 

t^t:, »fi^7y h^y ^ hSr^S^tf^-fe/u 
(ffi«^^-^C*3'/^X, M^fiS^Xfc^. 

u^</u (LOD) -fey M:«i&£tt5o ASWI-ttx ^ 

■vyT'H. fttdfiH/^^^DH- 1 W^T^rnfir 
■^y7 p t:*5tt5#7 L ^'ir/urt C4 (31(12x2) 
^^ft^i (x^ir/w) 4:*-r6 0 Uc^ot, St 
»»4S-LOD (D=0) -7 5/^5 12x5 127 
?±/Wim~fZ>ti:bl$s fci^LOD (D=l) 
fi x 2 5 6 x 2 5 67^t/^J^f)MJ W7^^f 
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t^^^fe^o ZCO^u^^n, 0!l;Ltf, LOD9 

-*LOD&*i?>5CDX\ M^t^ir/u^r^-rX^r. 
X^-XlZ&\,^XW\Jj&]XmZX$bZ><DX\ ^ttXfc 

* ^ * * ^ T*NK ir /MMg^ SrffM"f 

A5¥^a^»J^: 1) T^^irffiiffl^T 

Sl\ 2) f IMt/f 17 ^ L f:f ^ 
K^y^(S#S:ffl^fc^fe 0 r^^feTii. ft 

fijffl^r <^^£ftX#X^£^X\ ^^y-{£ffl 



^x^^v-^y ^njg^tufcds, 

fco L/c^oX, Sb^W*tf»*-ffiX\ CIGfV^^ 
W±t# (»£L<fiy T/u^i>0 ^-^jg^-t* 
6^ifc<0^y d'y^jio^xM^ Sits^^f 

•^y t^^i-s*iSM^j;s*jfex-fi. fnftri/ 

^l:vyify^Lfcftfft^t/KD7y h^y V h£ 

y h^y yF^x^^JtisiMJMliitoM 

m^^^^ivyy h^y v h*W»tftt5HI<0#» 
^k*^SS;*:ffifflUX. mm^f^/uyyh-yv^b 

xii4 < f*tt 2 Diauiftfflt 5 ^ ia 9, - 

LX^, *3ffi^ u^yhifetciioX^x^ir/i^ 

^7^ h^y >- ht^^ti, 

/H^SJ-f-S^f fefJ, ^f-^^ir/u^o^Xt. 
-Ktvyy h-7°y yhi7)W^*fe6C^^x^^(D 
X\ x^^^-Y^yt°>'^J:9jEltle:>t5o t'^ir/i/ 

±%fa\Z*5^X£ik<DT*±/\'t&t£Z><> Lfc^oX, 

fi. aSlOX, ttiX^J^J:0«MS#*te>nSiij« 

(i, ^ffl^^J, BP*>. t°^^/^U^6«^$ttX^ 



(5) 



*8M»¥l 1 - 2 5 0 2 7 9 



II. tf^ir/H 1 a h<n^fol 1 c&iiiSU 

^^^^■r^^— 2±lw*fKi"6i:, ^ 

Ttti^t^o ffil 2 11, — te^J(C N t^*^**^- 

^wlCrnftli, BP*>* T^i?;H 2 b^J£;pf 

^r-T5^T\ — JftWfcT Wf^t/l/TSTdS^SS 
t^T^fetr J; f9^$tu5 0 t7t/Hla^tt 

1 2±^#t^$tu^^ir^5>^5-efo65o 
yv^FnTHll. Hi b*#Rg-^5r^t^J:!!)S#S*T/5 
Tr*>*>5o aibi^^t, r^t/i-I12fj:, 
9#^Mt-i££LT^3^T\ rWWr^ir/H2 
bfl, #*L<f±jE;frJ& -CfeSAS, kmv# 

t/UPST7i/h/!iyhl2ail *^Ay^H5a?gT* 
x^^^^fta^U^/i- (LOD) 3nIJRLT. & 

all, 'M< — 3<£x^i?/VTST£^Ml*J(w#A< 

11, a-h£^U — T^faK&ttS^ir^J 
II. l-8iS/Tlt 7 s/ h^y yM2afl, 
ir/U3c. 4c, 3d. 4d, 5d. 4e. Se&tM 

^T/MRtt, «;ilf, #7-/39J1*flu 
t^T*#5 (fc-t^O T^irA-2b. 3b. 4b, 5 
b, 2c, 7c. 3e. 6e, 3f. 5f. 6f. 3 
g. 4gM5gim^^t5o 3*#fc«J:!9 
»HS$^T^S«t5t-. FpIJUIL ^cDtf^ir/^P ST 

(CIG) 11, SKtLlH 2 0 iC^f^fffi 
x^^^-^y ^vvIolj, h/7y h^y > MSftfrffi* 
7^ s/^^7 p nt 5 't (||:jb/n— K^T 
Ulxy^ytk y7^x77 P P^A«ffl^^ 

^T^2 1HW^ 0 ^7^2 3X11 7^7 
fty V^£;Tb<5^#W^y 2£igtR7h6o C 



y ^vni;i£;^t77 7^ y y^^6^^^fc6& 

(Dt^ir/PP i j <D l*twffi I fttF J &3i#^f£ 0 

coe°^ir/up i j (i, 
j) tWt/i^Ps tcD=t— +— (s, t) coi^ 

ttfc4 ^-^™0>23^t o ^ir/H 1 all — + 
— p 1 — p 4 &^TLT^5 0 

5* I s JffiSSr^f-r^o BP*>. p 111 (i 1, j 1) , 

p 2 II ( i 2 , j 2 ) . p 3 11 ( i 3 . j 3 ) , P 4 II 
(i4. j 4) \chZ> 0 m^^^±/^P i j vvi^y h 
1 1 all. T^-fe/w*^— x t7ir/vpST7s/ h7"y 
yhl2a I^^-^a-t-P i j <D 

£-^11. ^fMir^^ft^^-^^-t- P s 

Tt^»StL5 0 BP*>. p 1 II ( s 1 , t 1 ) , p 2 11 
(s2, t2), p3|l(s3, t3), p 4 II ( s 
4, t4) \-cfo&o 77^7*2 7 "Cfl. tf^ir/u— 

3/^2 9iC;&tt£7 7i?^T U>f lr»/££ix5 0 IH2b 
s/d iRXfd t/d i ^. ^—3—^-— (s 

i. 1 1) i^o^-csf)^ ai^ry^r^^a s 

j Rtfd t/d j ^. Sl^t-(s2, t 2) 
Ico^Tllib^o r^L^O^P^y/^^y^Bfr^cD 
t^<t-f6^, #e^ir/^ P (i. j) (i, j) m 
^11, f^^ft^^"^t-P (s. t) . Whs P 

( i 1, jl)->p (si. t 1) ; p (12, j 2) 
-*p (s2, t 2) ;p (i3. j 3) (s3, t 

3) ;RXfp ( i 4. j 4) -*p (s 4. t 4) t L"C 
vy^tlS (^y e>-^|l^-^->^J: t9^^^T 
^-5) „ 3— (si, t 1) ^. #'>fi^*U£ 

•y— -II. pift^^-^l^ttSftiJftX^yb'^^ga 

^ftfli^^^^So il^^a-eii, ^e^ir/u^^ig 

(s2. t 2) =(sl + ds/dj. t 1+5 t/d 
j) . 

(s3, t3) = (s2 + 5s/dj. t 2 + d t/d 
j) ^t>* 

(s4, t4)-(sl + ds/dj. t 1 + 5 t/d 
j) . 

1 2 all. -^^t0 4o^^™+-^^BJ^teS^I^ 

CAoT, «#BB#y^^ 1 4*Si»i-6o -<^^# 
bb#7^ i 411. 7^/ h7 p yy h^OS^:, H'hSffi 
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/P:7s/ K^y ^ K 1 2 a ^^llS-r^o 
3 Kfc^T, §ifl<E>:7 7F^yyH2a tf>±*fr£Jl6 1 
2 dSr?Kfi8;-r6fidaiH*Hpl="— (ccx-fi. ttfo* 
-i—p 2&tfp 4£*) hMthX^Z^— r-p lRXf 

I>*p' 3) Pfl^^y^^(?33t»ft»l 4 aSrfi-S-t- 

<DX\ XTy73 1<Dyu*x&&#mzSXT<D*M , 9X~ 

smax=max ( s 1 x s 2 . s 3, s 4) 2kZ$ 
s m i n = m i n (si, s 2 , s 3 x s 4) ^ 

tma x=ma x (t 1, t2, t 3. t 4) RZf 
tmin=min (t l v t 2 v t 3, t 4) 0 

ma xWm i n tt, ^^tbJ^T^Urt Ofi 
WfefcXfi&'h^&^Sr^H*,, --X\ s m a x = s 4 
Sffsmin=sltfc!l, tmax=t3W 
tmin=t lfife§CiW5o ±ia^fc. ^77 
>r y^ynirs'f-^ #ctc x #$/^^s$5HRs= (s 
ma x - sm i n) Xfl (s 4- s 1) AXftfyfXT 
ISHR t = (tmax-tmin) Xi% ( t 3 - t 1 ) 

J:«P*^$tL5 0 fSBR s tmmR t <ob%<oX*\<^ 
t-JltK ^fpJDM^K^^ttSo BP*>. Dmax-m 
ax (Rs, Rt) Xfc*9. Dmax=Rs^ (BP 
Rs>Rt*^) v DM=Rst*)^ Dm ax 
-Rt©S^ (BP*>. Rt>Rs«^) . DM= R t 
Xfo& 0 ^77^3 StCA^, SS4LOD 

Mc'i^um^zttzM^tevj xnmrwmmi 2 a 

;P7y ^y ^ h:K##s>^* l 4«*S^*< 
■fS^^sj:^ (02 d) o MW*|p]^1S***^^-i-S 

Itti^o *3P^ffi^ffeXii. 4>*<i:fc— o<o 
x^ir/^Sr^U ff^L<(i, rgijj ifit^ottf 

y y ^-e(i>i< MMf* i/- ^ig#S:#i- 



«<0«fc5fc«s+5fc&tf, etT-ettw-rs-9-^x^-fer 

x/h£^-+ife (|]9 0 0 x\ >tfy ^yffix>y^yea 

^14S:ifiT*tSo 3^^*<£SttfiiJl 4 sKJ;!?;* 

U tfs^* 1 4^TttftiJ^iO^/>"^^^$tuTV^ 
6x^ir/KDft^X*^fc»T t <ttfcK"T6o LODt 
D^SELX, TSXHT tf+iS<0BrS^»£^5;:£ 

b^m-r^ Ttx^^yy y vmmn, ^ y y klo 

Dfi. (TD/2D) ^Dma x^SSfcS*t-5Pfi 

h^cptwfcS^ (L-fc^oX, tf^i?/H 2 a ^*5tt5 
4oW#tf*ftiMS (UN L E) Ll~L4Sr?lJffl 

lx. x^^/^^t-o^x^i-^o 7>fyLi- 

L4(D#^fi. 7i/h7 P JJyhl2a CilT/f 

1 4rt^#x^lr/^^Xfi^*ft*-t-Swt^ 

x. \??^fr7yV7y>vm&*T&j$rt-z> 0 mmmt 

Lf:^oT, f^Wlf^t^s/ h^y > h(D 
Xm&tp<D& (Mxff. #x^ir/PO+^l 2 b' ) ^ 
fil2a' t^flfc*f^ «Ftf*|Pl) 

(rjott^i?-^ K7^yLMot7^ h^y > htti££ 

l-*5ttSf-^ Ky-Y^L^bT^X^^^l 2b' 
tf^iryH^lwfcSWlBttAS K7^fyL 
1~L 4^Xtro^X,fel 2 b 1 £!*ftLT, ^Xfi 
^Srft^i-^o U/c^oX. UNLEynir^(r*3Jt 

^Wl^Xtltf, UNLE^ L-Lo + (Lsx 
As) + (LtxAt) <D]&Wi{~$>Z><D&tft'£l,l\ W 
fg-UNLE, — ^^S^ (si. t 1) Xtf 
( s 2 , t 2 ) , <D&Ml±^ L 0= (s2xtl) - 



(7) 



WBB¥ 11-250279 



(s 1 x t 2) . L s = (t 2 - t 1) RXfL t= (s 
l-s2) X*fc£ 0 Lfc^oX, 4O(7)UNLE£0^ 
(1, ^t;l/7y F^]) y H 2 a Ws/^t*Jb5„ # 
f^t/H2b4St!RL-C N -^^'t'^fe^^tcfc^ 

(D^^'UNLE^J:6^^>'T-fo^ 3 PtTraia^l 2A 

1 2 All, 7y f/Uyhl 2 a(^g^^fS]=t- 

-*-HH<0 1 <9 *»fti»^ifig5bfc±S*fti» 1 4 a £ 
*-r5«L##S>^* 1 4fc*5#5t><£>X**>5 0 ZOt 

£ (Mitf, ^£<Dx^i?/M^iM 2 b' ) II. £ 
TOTNLE^jfil2b' Ko^XjE^ffi££D6*?> 
(1 7 y h^!) y hWHiaJg 1 2 A^l:*>6 0 4 fcT 

HI. B8«aaiJ^UNLElw*5(tSWR^iB*^ 

(fHL. Wfii- (LI) UNLES»Oj?ft*9, 
Xlii^jfiHo^TWL 2/SZUNLE^i(D)ftt 
*>9, YttL3UNLES»W}fftt)5, Zfly^y 
L4tro^X^EgUNLEK»iB*T*foS) o 4o(D 

un l eKRo 5 *>£>4#:£<z>— o^iExfc£^t;:ii. 
r^^iSt6 4 t> h^)3^^I>^o^ii^^ 
L. S^^tttbtf. A^SJgrXIl, 0fs/ht45 o r 
(D:/pi?;*ll, 4o(D^^S^60#^t-o^rtT^tu s 
(1 1 1 Xfl (1 5 7*>-7/i') ^fi«r*-fS 

£ 0 Mid i-f^t/i/tMl2b' -1(1. (— 
— ++) Xn^4i- } J 0 0 1 1 = 3r^/WNL 

SiJ©*^12b' -2(1 (+ + + H-) Xll^-f^ 
y 1 1 1 KDUNLEmtU ^iE^y b^y >Y 
1 2 A^^-efcSo H^t^7yh^])yH2a 
Sr. rac«3ft*^S2fflW5izfTi»^S^:Sr#-t-5, 2 

#iwpflH(o&t^fcTfTffliffi*w-ts¥fTEg3a^i 2A^ 

fixd 40(Z)UN L E * 2 oroUN L E*gSI:¥*E 

L = Lo + (LsxAs) + (LtxAt) 
({lb. (s a. t a) XtDf£— (D&'BlXI (s b. t 
b ) X£>S'Jca&Xfl, As=sb-sa &l*A t = t b 
- t aX**>!9 ; (si. tl) W(s2, t 2) X* 
II. rtlflL 1= ( ( s 2 x t 1) - (s 1 x t 2) ) 
+ ( (s 1- s 2) xAs) + ( (t 2 - t 1) xA 
t) o ±!E7>f 1 (-¥ff^7-f VL 3*1, 

(sHa, tl + b) W(s2 + a, t 2 + b ) 
(fiU a&t/bfl, tf-^irs/ h3£3&X**>5) Sr^rt" 
£ G Lfc^oX, ^ffiK^-^ll. L ' o= (s 2 + 

a) x (tl + b) - (sl + a) x (t2 + b) X s *> 
9, rtbttx L ' o = Lo- (Lsxa) - (Ltx 

b) tmt'QfoZ>ti\ XIlL* o = L oH-k-e*>6o ffl 



U k = - (Lsxa) - (Ltxb) 0 L7^b&/^ 

L' s^Ls&^L' t = LtXfe£COX\ L' = 
L+A (flU All. (a. b) t7t^hT*6) 0 
Tsry-fZ 9^*3l^X, r s J r t J 0>ffi#[p]H:*5 
>^ ^ >a VTX\ 7yF 
^!)yH2Ai:SlShfcrn/H2bli UN L 
E£ffl^Xl*J^fc^ir/K7y h^y v H-J; ^H^tt 
-Ct^r^ir;^Ml2b' £>3ftSr#tf)5r £ lei 9 
4tl (BP*>. 11112) y 7 

-K*#^x^^/HwO^Xffhe-T5»&(-tt. ^ 
x^irn^frfiQHStu *t*x^ir/Wl fc^ir/HRtt 

t^^i-5^\ ^t^imd 7yF7 p yy^-efc 

9. ^ir/Wl. fttRJ-W^Lfc^ CIG«07^ 
y^^nirs/f-ti, &r ^ir/^Jii&o X^^t>* (BP 

3SLX^e>. ^J^o-f Myf-'>3 v (BP*,, t 
ttSr^k) £r?ToX. x^ir/Prtt^frL^UNLEtc 

IM?*^* 1 4<0±^a— f-MtXifel, 4o 
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ANISOTROPIC TEXTURE MNPMNG 
USING SILHOUETTE /FOOTPRTUT ANALYSIS 
IN A COMPUTER GENERATION STSTEM 



The present application is directed to a 
computer imaga generation (CIG) system, also 
referred to as a ^raphica accelerator, for the 

10 display of two-dimensional (2D) representations 
of three-dimensional (3D) scenes and, more 
particularly, to novel methods and apparatus 
for mapping texture anisotropicolly to each 
display pixel by silhouette analysis of each 

15 display space pixel required for each of a 

plurality of polygons forming each, preferably 
real-time, scene on a CIG display in a 
computational efficient manner. 

20 Background of the Invention 

It is nov well known to provide a computer 
image generation syszvm, and associated 
processes, for generation of 3D image scenes 
upon a 2D display? each scene may contain many 

25 thousands (typically, over one million) of 
individual .picture elements, called pixels, 
with each pixel having visual attributes unique 
to that corresponding saall visible area in a 
2D image space representation of the 3D object 

30 space then observeble by a vi*w^r situated *ith 
a certain orientation relative to the objects. 
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The objects themselves are viewed from a known 
observation point, and may thus be represented 
by a set of planar surface polygons, which may 
be textured, by projection into texture space 
5 for convolution with the texture elements 

(texels) of selected texture patterns, prior to 
display. The various aspects of a CIG textured- 
polygon process may be had by reference to 
available texts and to previous Letters Patent, 

10 including U.S. patent 4 ,72*? ,3 65 (Advanced Video 
Object Generator, issued Feb- 28, 1988) and 
IKS. patent 4, 974, 176 (Microtexture for Close- 
in Detail, issued Nov, 27, 1990), both of which 
patents are assigned to the assignee of the 

15 present application and are incorporated herein 
in thsir entireties by reference, along with 
all of the references citad therein . 

It has been observed that most texture 
mapping approaches used in real time and with 

20 interactive graphic systems can not achieve a 
quality texture mapping for shallow viewing 
angles of textured objects (relative to the 
plane of the object polygon), i.e. where the 
object to be textured has a high aspect ratio 

25 (i.e., with a high angle of viewing incidence, 
generally greater than 45% with respect to the 
polygon normal) . An example of this is the 
"White Line Down the Center of the Road" 
problem: in the real world, the broken white 

30 road line is a series of white line segments 

each about 10 feet long and 5 inches wide with 
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each white line segment separated by 10 feet of 
black pavement. Display of a 2D representation 
of a real 3D white road line would try to 
achieve two conflicting goals: first, to 
5 prevent the white line from disappearing as an 
observer looks down the road; and second f to 
prevent the resulting displayed white line from 
scintillating - here, scintillation is manifest 
as the appearance and disappearance of 

10 different sets (say, 50 feet lengths) of 

several white-line segments along the road. 
Another related example of these problems is 
the change in building features that are sharp 
when facing the viewer and either scintillate 

15 or take on a soft appearance when viewed at a 
high aspect ratio (shallow angle to the 
viewer) . Most of these problems are caused by 
a failure to account for the display pixel 
(which usually has a rectangular, and often 

20 square, silhouette in image space) having an 
elongated footprint when mapped into texture 
space* 

Texture map3 are often organized into 
Level of Detail (LOD) sets. Typically, each 

25 coarser-level member of the set is a texture 
map that is a 2:1 reduction of the nextmost- 
finer set member above it; thus, a level D 
texture map will have 4 (or 2x2) texture 
elements (texels) for each texel in the texture 

30 map for the next-coarser level D+l. So, if the 
finest f first LOD (D-0) map has an array of 
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5X2-by-512 texeis, the next-coarser LOD (D=l) 
is a texture map that is made up of an array of 
256-by-256 (or 256x256) texels.' This process 
is carried out, for this example, until LOD 9 

5 yields a map with a single lxl texel. 

In hitherto normal texture-to-pixel 
mapping, the effective LOD of each pixel is 
calculated for both of the width and length of 
that pixel as projected in texture space and 

0 the larger of the two effective LOD numbers is 
selected as that pixels effective LOD. Next, 
two texture maps with LODs that bracket the 
effective LOD of the involved pixel are 
selected and an interpolation between two 

5 adjacent LOD texture maps is performed, using 
one of 3 interpolation strategies, is performed 
to calculate the value of the mapped pixel . 
The three interpolation methods are: nearest 
neighbor interpolation, bi-linear 

0 interpolation, or tri-linear interpolation . 

Because the larger of width or length of 
the modified pixel, as projected in texture 
space, is used to determine the pixel's 
eff active texture space LOD, the projected 

5 pixel effective size is forced to have the same 
texture space size in both its length and width 
directions. These texture methods are said to 
be isotropic because the LOD of the mapped 
pixel are always the same in both directions in 

3 texture space. However, when normally- 
rectangular (preferably, square) image space 
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pixels are projected onto a object-space 
polygon which is skewed to some degree with 
respect to the view axis (itself normal to the 
image/ display space plane), each projected or 
5 (texture-) mapped pixel becomes elongated 
because of the shallow projection angle; if 
such elongation (the ratio of the greater 
projected dimension to the lesser projected 
dimension) ig beyond some selected limit (say/ 

10 3:1) the well known isotropic procedures, using 
the fiction that length equals width, can not 
be accommodated. This is the anisotropic case, 
where the projected pixel footprint dimensions/ 
and therefore the associated LODs, can not be 

15 the same in both directions without causing 
undesired visual artifacts- 

It is highly desirable to provide 
anisotropic texture methods that account for a 
projected pixel elongated shape in texture 

20 space. Several such methods {usually for non- 
real-time systems) have been implemented by 
approaches which fall into one of two broad 
categories: 1) Methods for convoluting the 
pixel texture- space-projection with the texture 

25 values, for producing very accurate, but 

computationally very expensive, results i and 
2) Methods using the storage of pre-processed 
and pre-filtered textured maps, which require 
less computations but are also less flexible 

30 and precise, and more memory intensive* 
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Because of the increasing demand for more 
and more different textures maps to be 
available for real-time and interactive 
systems, the less nemory intensive approaches 
5 are more desirable. In the past/ other schemes 
for rendering anisotropic texture have been 
suggested (such as a procedure, used almost a 
decade ago by our predecessor simulation group , 
of sampling the texture along only the single 
10 great ar diagonal of the anisotropic pixel) have 
hitherto been found to either provide 
insufficient resolution of the anisotropic 
texturing problems or be too costly (in terms 
of either necessary hardware or computational 
15 time) . 

Accordingly, provision of novel methods 
for mapping texture anisotropically to each 
display pixel required for each of a plurality 
of polygons forming each/ preferably real-time, 
20 scene on a CIG display in a computational 
efficient manner, is highly desirable- 
Brief Summary of the Invention 

In accordance with the invention, a method 
25 for anisotropically mapping texture information 
to. each pixel required for display of each of 
plural polygons forming each scene on a CIG 
display in a computational efficient manner, 
uses the footprint of each transformed pixel, 
30 as mapped into the texture array, to determine 
an anisotropic texture space area having both a 
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related length and a related width, in which 
complete texels and texels fractions are 
covered by that pixel footprint. Use of a set 
of un-normalifced line equations characterizing 
5 a particular pixel footprint is used no 

determine whether each texel in the vicinity of 
that pixel footprint is either enclosed or 
avoided by (i*e. inside or outside of) that 
projected pixel footprint. By use of an 

10 isotropic 2D area, rather than a ID line (which 
is only proper for very high aspect ratios 
{typically greater than 70°}), this method 
allows for tallying of the included full texels 
or texel fractions, so as to determine the 

15 color and/or translucency of the pixel. Since 
all values are determined incrementally/ my 
methods initially require the computation of a 
few values, followed by a simple incrementing 
procedure to tally which texels are included in 

20 the footprint and which are not- If the texels 
are subdivided into 2 or more subtexels/ each 
subtexel can also be determined to be inside or 
outside of the pixel footprint, permitting more 
accurate texture mapping, A pixel is mapped 

25 into a higher resolution texture map than its 
effective isotropic LOD would indicate. The 
projected pixel overlaps a number of texels in 
all direction. 

Accordingly, it is one object of the 

30 present invention to provide novel method and 
apparatus for the anisotropic texturing of 
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image space pixels using an areal projection 
and silhouette analysis. 

This and other objects of the present 
invention will become apparent to those skilled 
5 in the art/ upon consideration of the appended 
drawings and reading of the associated detailed 
description of a presently preferred 
embodiment . 

10 Brief Description of the Drawings 

Figure la is an isometric view of an 
observer frustum viewing a textured polygon 
through the display screen plane in image 
space, and useful in appreciating the 

15 background of the methods of the present 
invention; 

Figure lb is a plan view of a portion of 

texture space upon which the footprint of a 

square display-space pixel has been projected; 
20 Figure 2 is a flow diagram for one 

presently preferred embodiment of the methods 

of the present invention; 

Figure 2a is a side-by-side comparison of 

the display space screen and a pixel silhouette 
25 thereon, and a portion of the texture space 

array and the projected pixel footprint 

thereon; 

Figure 2b is a view of texture space/ with 
the projected pixel and some of its spatial 
30 derivatives, and useful in appreciation of 
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several concepts needed for use of the methods 
of the present invention; 

Figure 2c is another view of texture space 
with the projected pixel, and of the bounding 
5 box added by the methods of the present 
invention; 

Figure 2d is a view of a pixel footprint 
in texture space, showing the four bounding 
lines from which un-normali zed line equations 
10 will be generated for use in the methods of the 
present invention; 

Figure 2e is a set of subdivided texels, 
illustrating the use of 4, 9 or 16 subtexels 
for each texel to be processed, to generate 
15 better texture resolution; and 

Figure 3 is a schematic block diagram of 
one possible hardware implementation of the 
preferred method. 



20 Detailed Description of a Presently Pr/ffered 
Embodiment / 



observer 0 is at viewpoint 10/ viewing a 
display plane 11 which is the image/ or 

25 display, space characterized by axes I and J; 
this plane ia made up of an array of display 
picture elements, or pixels, lla of which a 
general array pixel is denominated by its 
respective I and J axial dimensions. A viewline 

30 10a passes through the center 11c of the pixel 
lla silhouette and is projected as the center 




Referring initially to Figure la, an 
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12c of a footprint 12a of the pixel ih as 
projected onto a plane 12 in texture space. 
Plane 12 will, in general, be an objact-space 
polygon as projected into texture space and 
5 will have an array of texture elements, or 

texeis, 12b thereon; the textured polygon plane 
12 has axes S and T, so that a general array 
texel T tft is denominated by it? S and T axial 
dimensions, it will be seen that the generally 

10 rectangular, often square, silhouette of pixel 
11a will, because the underlying polygon 12 is 
generally not parallel to the screen plane 11, 
be projected upon plane 12 as a quadrilateral 
pixel p« footprint 12a typically having four 

15 unequal sides as well as unequal corners which 
typically are not right angles. 

The texturing problem can be understood by 
reference to Figure lb, wherein the texel plane 
12 is now orthogonal to the reader's sightline, 

20 so that the texeis 12b of the array are 

rectangular, and preferably square, but the 
projected pixel P« footprint 12a has a 
distorted quadrilateral shape. I have selected 
the texture level-of-detail (LOD) such that the 

25 size of each texel is generally less than the 

size of the projected pixel P sc ; thus, pixel 12a 
partially covers at least one texel T 9t and may 
completely cover one or more other texeis T',t< 
Here, the texel rows, in the S direction, have 

30 been labeled a through h, while the texel 

columns, in the T direction, have been labeled 
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\ through £: the footprint 12a fully covers 
texels 3c, 4c ; 3d, 4d, 5d, 4e, 5e and 4f, but 
only (possibly) portions of texels 2b, 3b r 4b, 
5b, 2c, 7c t 3e, 6e, 3f, 5f, 6f, 3g, 4g and 5g, 
5 each of which texels may have a unique set of 
visual attributes, e,g., color/transparency 
values. The problem, as will be recognized by 
those skilled in this art, is to properly 
account for the contributions of all texels 

10 either partially-enclosed or fully-enclosed by 
the total area of particular pixel P 8t footprint 
12a, in order to determine the proper color, 
translucency and the like visible attributes 
for display at the display apace site of that 

15 pixel P i5 , 

Referring now to Figure 2, in one 
presently preferred embodiment of my novel 
process , a 3D computer image generator (CIG) 
may have a graphics processor (which may be a 

20 dedicated hardwired logic engine or a software- 
programmed general computer) which carries out 
the isotropic-texturing silhouette/ footprint 
analysis procedure shown in flow diagram 20. 
, The process starts at step 21. Step 23 selects 

25 the next polygon 12 to be textured; in this 
embodiment, pixels may be grouped for each 
particular polygon to be rendered by the 
graphics engine/ although other methods of 
pixel operation can equally as well be 

30 utilized- In step 25, procedure 20 selects the 
pair of I and J values of the next pixel P i3 
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which is to t?e textured/ in the presently- 
selected polygon N. This selection effectively 
determines both the image-space coordinates 
<i,j) of the pixel Pi 5 corners and the corner 
5 coordinates (s, t) of that pixdl p« as mapped 
into texture space. Referring also to Figure 
2a, a selected four-cornered quadrilateral 
pixel 11a has given corners pi through p«, each 
with its associated I, J coordinates, i.e. pi is 

10 at (il,jl), p* is at (i2,j2), p 3 is at (13, j3) 
and pi is at (i4,j4). The display pixel P 1:) 
silhouette 11a is transformed to the texel 
space pixel P sr footprint 12a, and each of the 
image space corners pij is respectively 

15 transformed into an associated texture space 
corner p 9tr i,e. p a is at (sl#tl), p 2 is at 
($2,t2), p 3 is at (s3,t3) and is at (s4,t4) . 

In step 27, the pixel-to-texel spatial 
gradients are determined and the pixel 

20 footprint is constructed on the texel array in 
step 29. As shown in Figure 2b, the mapping 
gradients, from screen space to texture space, 
are found; the partial spatial derivatives ds/di 
and 3t/3i are found with respect to first corner 

25 (si, tl) and partial spatial derivatives ds/dj 

and dt/di are then found with respect to second 
corner <s2, t2) . Given these partial 
derivatives, the (i/j) coordinates of each 
pixel p (i ,}, can be mapped (which mapping is 
30 indicated by the -> symbol) into texture space 
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as p (Bft)l i.e. p(il,jl) ->p(sl,tl); p(i2,j2) -> 
p($2,t2); p(i3,j3) ->p{s3,t3); andp(i4,j4) -> 
p(s4,t4). If the first corner (sl,tl) is found 
by the somewhat lengthy project ion- 
5 transformation process, the other three corners 
can be found from a knowledge af the 
sidelengths in image space and the mapping 
gradients; for the usual situation/ where each 
pixel has unit sidelengths acting as 
10 multipliers of the associated gradient 
terms/ these other corner locations are: 
ts2, t2) = (sl+ds/9i,tl+3t/di), 
(S3,t3) = (s2+9s/3j,t2+dt/dj), and 

(s4, t4)«(sl+ds/5j,tl+8t/dj) . 

15 The complete texture space pixel projected 

footprint 12a can be constructed by the ordered 
interconnection of these four corners. 

Referring now also to Figure 2c, step 31 
is entered to compute a bounding BB box 14 

20 which is a rectangular box just touching one of 
the corner points £ at the greatest and least S 
values and at the greatest and least T values 
of the footprint, and thus encloses the pixel 
footprint 12a. Then, in step 33, there is 

25 calculated the bounding box main diagonal 14a, 
between the box 14 diagonally-opposed corner 
pair (here, corners p'l andp'3) associated 
with, and closest to, the furthest-apart 
opposite corners (here, corners pi and p3, 

30 which are further apart than opposite corners 
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p2 and p4) forming a main diagonal 12d of the 
original footprint 12a; it will be seen that 
diagonal 14a is generally congruous to r but not 
identical with, the footprint main diagonal 
5 12d, Since the bounding box 14 is determined by 
finding the maximum and minimum extents of the 
footprint in each of the S and T directions, 
the process of step 31 can specifically be: 
s^k « max(sl,s2 r s3, s4) and 
10 s^h » min(sl,s2/$3/ s4) 

while t™ - max<tl,t2,t3,t4J and 

t^n = mi_n(tl,t2,t3, t4) 
where max ax min signify respectively the 
greatest or least ond of the quantities within 
15 the following parentheses- Here, it is seen 
that 3majr=s4 and s»in=sl/ while t niax »t3 and 
twdh^tl . From the f oregoing, the graphics 
processor can next calculate the box S range R a 
-(s«-Spw) or (e4-sl) and the box T range 
20 HWU) or (t3-tl) . 

The major direction of the bounding box is 
determined, in step 33 , by comparison of the 
maxima of the S extent and the T extent; the 
larger of range R fl and range R t set the major 
25 direction Dm; or, - max(R,/Rt) and 

direction, D^R, if D«**R # (i.e., if R,>R t ) # or 
CW-R C if IW*Rt (i.e., if R t >R«) « 

Next, step 35 is entered and the proper 
LOD H D" is determined. To simplify the 
30 calculations, I have found that the 

quadrilateral footprint 12a can be approximated 
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by a properly-sized parallelogram 12A with a 
minimum of visible error, if a plurality of 
texels 12b cover each projected pixel footprint 
12a. I therefore want the pixel footprint 
S bounding box 14 area to cover several texels in 
at least one box direction (Figure 2d); it is 
preferable to cover a plurality in both axial 
directions, although projections with high 
aspect ratios may preclude this and allow 

10 plural texel coverage only along one axial 
direction. Note that my areal anisotropic 
methods want to have at least one texel, and 
preferably a greater number of texels, even in 
the "minor" direction, so as to truly have an 

15 area of coverage, rather than sampling coverage 
only along a line; if high aspect ratio 
footprints are routinely operated upon, use of 
the subtexel situation, discussed hereinbelow, 
is usually warranted, as this allows a second 

20 dimension to be used with an extent measured as 
a fraction of a texel, and allows a box 14 with 
a vanishing small minor dimension (less than 
one subtexel, as might be found by a polygon 
plane seen edge-on, at about 90°) to vanish, 

25 The number T 3 of texels 12b spanned by the S- 
axis side 14s of the box is calculated and 
compared to the calculated number T t of texels 
spanned by the T-axis side of box 14* The LOD 
number D can be varied to have a desired number 

30 in the vicinity of either or T c ; once a good 
value of D is found, the proper texture grid 
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for that LOD is extracted from memory for use 
in the remaining steps. The texture grid 
placement dependents on whether the grid LOD is 
odd or even, which is a measure of the maximum 
5 number of texels spanning the pixel, as the 
finest resolution LOD D is set by examination 
of the number T D of the covered texels in one 
direction of the texel grid/ as long as the 
condition (T D /2 D )S0^ is met. Typically, I try 

10 to have 3-5 texels span the pixel along the 
longer of its s and T ranges. 

In step 37 (referring again to Figure 2d) , 
my methods determine whether a texel 12b is 
either inside the footprint (and therefore has 

15 its color and translucency attributes counted 
in the pixel 12a) or is outside of the 
footprint (and is not added to the incremental 
pixel attributes)/ by utilization of a set of 
four un-normalized line equations (UNIEs) L1-L4 

20 for creating a coarse mapping to determine 
texel inclusion* Each of lines L1-L4 is 
represented by its own UNLE, which is used to 
determine the inclusion or exclusion of each 
texel, within the box 14, with respect to the 

25 footprint 12a; I sum the contributions of both 
whole [completely enclosed) and partial texels 
12b to form the pixel footprint attributes. 

Using an un-normalized line equation to 
determine the location of any point, and thus 

30 whether a texel should be part of the pixel 
footprint, operates by having the UNLEs 
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determine which side of the line the point 
under investigation (say, the center 12b 1 of 
each texel) is on; if a perimeter point 12a' 
always travels around the footprint along a 
5 side-line L in a consistent direction (say, 
clockwise), then a point 12b' offset from the 
side-line L in a known direction (say, to the 
right of the line L) will be potentially within 
the pixel - testing the point 12b* with respect 

10 to all four side-lines L1-L4 will determine 
inclusion or exclusion. 

Therefore, the first step in the UNLE 
process is to generate the four un~nonaalized 
line equations; I presently prefer a UNLE of 

15 the form L^L 0 + (L,^s) + (L 6 X£t) . For example, the 
first UNLE/ given end points (sl/tl) and 
(s2,t2), has coefficients of L 0 -<s2xtl) - (slxt2) , 
L,-(t2~tl), and L t =(si-s2), Each of the four 
UNLEs thus describes an edge of pixel footprint 

20 12a. Each texel 12b can be tested to determine 
whether it is inside or out; this testing is 
eased if the footprint of a pixel in texel 
space is approximated by a parallelogram 12A, 
where each of the 4 sides of the parallelogram 

25 is a line described by an UNLE/ the best-fit 

parallelogram 12A is usually one in a bounding 
box 14 having a major diagonal 14a close to 
the greater diagonal/ between furthest opposed 
corners, of footprint 12a, Then, a point (say, 

30 a particular texel center 12b 1 ) is inside the 
footprint parallelogram 12A if all UNLEs yield 



17 



ftfflW- 11-250279 



Docket 35-GS-2782 

a positive value for that point 12b 1 , A four- 
bit indicator word is associated with each 
point to be tested; each bit is set by the 
results of testing in the associated ordered 
5 unle (e.g*, the word has bits wxyz, where w is 
the sign of the first, or LI, UNLE test, X is 
the sign of the L2/second UNLE test for that 
same point, Y is the sign for the L3 UNLE test, 
and Z the fourth UNLE test result for line L4) * 

10 If a particular one of the four UNLE tests is 

positive, one of the 4 bits associated with the 
point is set to 1, otherwise/ a negative result 
generates a 0 bit; this process is done for 
each of the 4 line equations and those points 

15 with value of {1111 binary) or (15 decimal) are 
said to be inside the pixel footprint. For 
example, a first texel center point 12b' -1 has 
UNLE results of ( — ++) or binary 0011-3 decimal 
and is outside the footprint 12a ; while another 

20 centerpoint 12b T -2 has UNLE 5 of or 
binary llll r and is inside the modified 
footprint 12A. 

The use of four UNLEs can be simplified to 
two UNLE equations if the pixel footprint 12a 

25 is forced to be a parallelogram 12A with two 

sets of spaced-apart parallel sides, having two 
sets of parallel line equations with the same 
coefficients. As previously mentioned, 
L~Lo+ (L a 3^s) + (L c x A t) , 

30 where, for a first point at (sa,ta) and another 
point at (sb,tb) f A $=sb~sa and ^t=tb-ta; for 
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(sl,tl) and (s2,t2) this becomes Ll=((s2xtl)- 
(slxt2)) + Usl-s2)x£s) + ((t2-tl)^t) - Aline 
L3 parallel to the above line LI has 
<sl4-a,tn-b) and ($2+a,t2+b), where a and b are 
5 offset constants- Thus, a parallel line would 
have a first term of L'o" (s2+a)x (tl+b) - 
(sl<Ni)x(t2+b) ; which is the same as L%=Lo- 
(L a xa) - (LfcXb) ; or L'o^Lo+k; where k- -(L^xa) - 
(L c xb) . However , L 1 a =L, and L\=L t , so L'=L+^ 
10 where ^ is the (a,b) offset. 

In step 39, under raster-like uniform 
incrementation in both the "s" and "t" 
directions, the texels 12b enclosed in the 
footprint 12A can be found by using the UNLEs 
15 to determine the number of texel center points 
12b f enclosed by the projected pixel footprint. 
If a binary word containing all l'g (i.e., 
1111?) is calculated for a particular texel, 
that texel center is enclosed and the subject 
20 texel contributes toward the pixel attributes, 
otherwise the texel center is outside the 
footprint and the texel does not contribute to 
the tally. The graphics processor of the CIG 
may work from left to right, along each texel 
25 row (i.e., with changing _s values passing 
through the entire required range) before 
incrementation of row number (i.e., change in 
the t value) , calculating the new UNLE-based 
results for each of the texels: start in the 
30 upper left-hand corner of the bounding box 14 
in texture space, calculate the full equation 
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for each of the 4 UWLE to determine each texel 
centerpoint location relative to the footprint; 
the value of the next texel centerpoint to the 
right is calculated by saving the previous 
5 value for each equation and incrementing saved 
values by their associated £6' this 
incrementation process continues across the 
row; and tho same subprocess is performed for 
each succeeding row, with incrementation of the 

10 associated ^t amounts, until all texels within 
the bounding box 14 are considered. The 
graphics attributes (e.g., number) of texels 
having their centerpoints 12b' enclosed in the 
footprint are processed (e.g., added) to obtain 

15 the textured pixel value . 

Step 41 totals the center-enclosed texel 
contributions Of all texels 12b that achieve a 
1111-word result from the line equations, i.e., 
are turned "on% with a color/ intensity 

20 contribution of 1, or else that texel is turned 
"off", with 0 <no) color/intensity contribution 
to the pixel total. It will be seen that the 
texturing effects of all texels having centers 
within the total area of the pixel projection 

25 footprint, are contributing to the pixel 

texturing, whether the projected pixel has a 
high aspect ratio (i.e., one of the width or 
length footprint dimension much less than the 
other dimension) or a low aspect ratio (i.e., 

30 substantially equal width and length of 

footprint 12a); this process will differentiate 
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between a polygon at an angle of about tan" 1 
(21) t where T is th$ minimum number of texels 
in the LOD selected for the maximum axis of the 
footprint (the minimum critical dimension in 
5 the minor axial direction is the distance from 
edge to center, or about one-half the texel 
dimension/ so that e.g., for an LOD yielding 
about. 5 texels along the major axis of a 
particular footprint of an originally-square 

10 pixel, the aspect ratio will be about tan -1 (10) 
or about 84°) . 

Step 43 properly processes the step 41 
total/ as by averaging and the like chosen 
methodology/ to set the pixel texture 

15 properties. This set of properties may be 

modified, in step 45, dependent upon any other 
factors present/ such as differing pixel 
lighting effects and the like. The anisotropic 
textured pixel value for that pixel is stored, 

20 in the CIG frame buffer or a separate memory/ 
in step 47. Step 49 is entered and a 
determination is made or the number of pixels- 
remaining to be textured for that polygon N; if 
there are additional pixels, exit 49a is taken 

25 and step 25 reentered, whereupon the pixel 
number is incremented; if no additional 
pixels exist for the present polygon r exit 49b 
goes to step 51. In step 51 the same sort of 
determination is made for additional polygons 

30 in the present scene; if additional polygon 
work is to be done, exit 51a returns the 



21 



(37) 



4*B)¥l 1-250279 



Docket 



process to step 23; if not, exit 51b goes to 
step 53, which ends the texture process and 
passes the process to the next operation* 

Referring now to Figure 2e, to improve the 
5 quality of the texturing process, each texel 
12b may be subdivided into a plurality of 
subtexels 16; preferably, the division is into 
an equal number s of subdivisions along each of 
the S and T directions of each texel 12b/ to 

10 generate s z subtexels 16, where s=2,3,4,.. in 
the presently-considered texel 12b. Just as 
each texel 12b has its own centerpoint 12b T , 
each subtexel 16 has its own centerpoint 16', 
used here for determination as to whether that 

IS subtexel is inside or outside the footprint 
12a. Thus, I prefer to subdivide each texel 
into s* subtexels, where preferably s=2,3 or 4; 
if s=»2, the texel is divided into 4 subtexels 
16a-16d, while if s=*3, there are 9 subtexels 

20 16a-16i, and if s=4, there are 16 subtexels 

16a-16p. It should be understood that s can be 
any integer number of subdivisions along each 
side of the texel, although a square subarray 
within the range of 2<s£4 generally maximizes 

25 detail without unduly minimizing processing 

throughput (due to excessively long processing 
time for very large numbers of subtexels) . It 
will also be seen that the maximum aspect angle 
Of the underlying polygon can be almost 89* for 

30 a 4x4 subtexel array, using an l*OD generating 5 
texels in the major texture plane direction; a 
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slightly greater aspect ratio, as provided by 
viewing the polygon 12 substantially in its 
plane (for an angle substantially equal to 
90VLth respect to the normal to the polygon 
5 plane* vill cause the polygon to generate a 
substantially zero contribution to the 
displayed scenic image, which is desired, as a 
90° aspect ratio causes the polygon to be seen 
"edge-on" and essentially disappear -no 

10 contribution should occur) - 

Each texel is weighted by the number of 
subtexels that are turned on, responsive to the 
same type of comparison against the signs of 
the four UNLEs. There will. now be s z comparisons 

IS per pixel and s 2 sets of four-bit comparison 

words (WXYZ) to consider; if the comparison for 
any one subtexel is other than (1111), then that 
subtexel is not enclosed in the pixel footprint 
12a and is not considered. Only if the subtexel 

20 comparison word is (1111) will the subtexel 
value be enclosed and counted in the pixel 
tally. Thus, for example in a 2x2 subdivided 
texel, if 1 subtexel is "on" (i.e., encLosed 
and to-be-counted) / the texel value is 1/4; if 

25 2 subtexels are on, the texel value is L/2; 

while if 3 sufctexel s are on, the texel value is 
3/4; and with all 4 subtexels being on, the 
value is, of course, 1 full texel f s worth* This 
comparison is done in a modified step' 39- Based 

30 on the number of subtexels enclosed in the 

footprint, the texel is assigned a weight that 
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contributes to the texture color of the pixel 
being textured. 

As previously mentioned, the LOD is 
preferably adjusted to provide a predetermined 
5 number of sequential texels along the major 
axis of the projected pixel footprint 12a- 
Occasionally, the bounding box main diagonal 
14a decreases in size to be less than one texel 
length, even in the finest LOD, and an optional 

10 clamp may be invoked. This clamp will maintain 
the shape of the pixel footprint and its 
centroid. The pixel footprint is then sized 
(i.e./ magnified) so that footprint 12a fills 
this clamped bounding box 14. Typically, this 

15 will happen when the viewpoint 10 moves very 

close to the texture polygon 12a and will keep 
the texture from becoming very blocky. Thus ; if 
the maximum extent of the bounding box is 
smaller than a texel side in the finest L0D f 

20 magnify both the footprint and the bounding box 
until the maximum extent is the size of the 
texel, so as to clamp the pixel footprint to a 
minimum size of one texel and anti-alias the 
texel in close-in views - 

25 

Referring now to Figure 3 P while this 
method can be carried out on a programmed 
general-purpose computer, which acts as the 
graphics processor, a dedicated computational 
30 machine 60 or ASIC may be equally as well 
provided to carry out the process and 
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computations, calculating the coefficients far 
each UJILE from 2 points requires the use of 2 
digital multipliers and 3 digitai adders. The 
precision of the arithmetic is a function of 
5 the grid si2e; integer arithmetic can be used* 
The screen space pixel location p 13 is 
provided at input means 60a, for passage both 
to an input 62a of a pixel-to-texture mapping 
means 62 and to an input 64a of a pixel 

10 gradient computational means 64. Means 62 

has another set of inputs 62b receiving from 
input 60b data characterizing the viewline 10a 
(e.g., angles with respect to an observation 
space frame) so that a set of outputs 62c can 

15 provide data establishing the texture space 

footprint point P«. The data at output 62c is 
coupled to a first set 66a of inputs to a first 
adder means 66 r which has a second set 66b of 
four inputs receiving the four texel space 

20 gradients from the outputs 64b of means 64; 

means 64 may also receive the input 60b data at 
an input 64c, if required. The four adder means 
outputs S6c have the (§,t) coordinates of the 
four pixel footprint points pl-p4, 

25 respectively. From these footprint points, 
available to inputs 68a, a waximum extents 
subprocessor means 68 calculates Sma* and T raK 
and the like, to determine the bounding box 14 
and its major direction dimension 14a/ which 

30 data are passed through output 68b to a first 
input 10a of a divider means 70. The LOB grid 
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size inrormation provided at input 70b is used 
as the divisor of major dimension values at 
input 70a/ so that the number of texols covered 
along the major direction of the projected 
5 pixel footprint is provide at output 7 0c, This 
number is used as the address, at input 72a, of 
o log* look-up-table means 11, which selects the 
LOD to be used, at output 72b, to an address 
input 73a of the graphics accelerator texture 

10 memory means 73. Means 73 output?/ at bus 73b, 
texel/subtexel content/ attribute data- 

Having determined the proper LOD, the 
bounding box corner point inf ormation at 
outputs 66c is provided to a set of adders 74 

15 and multipliers 76 configured to provide 

partial terms of the UNLEs . Their outputs are 
fed to another adder means 78 to calculate the 
four UNLEs > These are provided to a first set 
of inputs 80a of a comparator means 80 and are 

20 compared to the texel/subtexel data from 

texture memory means 73 output 73b, appearing 
at another set of comparator means inputs 80b; 
if the texel 12b has been divided up into Q 
subtexels 16, each of the Q different subtexels 

25 (herer a 2x2 array of 0=4 subtexels) are each 
compared to the UNLEs by a different one of a 
set of a coirgparison means here a quad of means 
80-1 through 80-4. if the subtexel 16x, where 
x=a, b, c or d r respectively, UNLE word is 15 H 

30 then the color attribute data for that subtexel 
is entered into the subtexel accumulator means 
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62; after all Q subtexels are considered, the 
accumulator means output 82a has data for that 
one texel then being processed. This data is 
passed to the 'sum all texels' accumulator 
5 means 84, which provides the total texel 

contributions! data for the pixel presently 
being project ed, to output 60b. The pixel data 
at output 60b can be further processed or 
entered directly into storage in a frame buffer 
10 and the like, for raster {or other) scanning to 
the CIG display means and viewing by observer 
10. 

while one presently preferred embodiment 
of my* novel methods and apparatus for 

15 anisotropic texture mapping by silhouette 

analysis has been described in detail herein, 
many variations and modifications will now 
become apparent to thoss skilled in the art. It 
is my intention to therefore be limited only by 

20 the scope of the appending claims, and not by 
way of details or instrumentalities set forth 
herein by way of explanation. 
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What I claim isi 

1. An anisotropic mapping method for 
determining the taxtural attributes of each of 
plural pixels in a scene to be displayed fcy a 
computer image generator, including the steps 
5 of: 

(a> for each pixel, projecting a display 
space silhouette of that pixel as a footprint 
onto at least one associated object polygon in 
texture space; 

10 lb) adjusting a level-of-detail (LOO) of 

the texels texturing the at least one polygon, 
to cause that projected pixel footprint to 
cover at least a predetermined number of texels 
in a selected direction of texture space; 

15 ( c ) determining the accumulated number of 

full and partial texels covering the total 
anisotropic area of that footprint; 

(d) determining the visual attributes for 
that pixel from the total texels accumulated 

20 therefore,- and 

(e) storing the determined visual 
attributes information for that pixel, to 
facilitate pixel display in its associated 
scene - 

2. The method of claim 1, wherein step 
(a) includes the substeps of: (al) constructing 
the pixel footprint as a quadrilateral on an 
array of texels covering the at least one 
5 polygon; (a2) constructing a box in texture 
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space bounding the footprint; and (a3) 
determining a bounding box major direction* 

3. The method of claim 2, wherein 
substep (a3) includes the step of aligning the 
box major direction with the further-apart pair 
of opposed corners of the footprint • 

4. The method of claim 3, wherein 
substep (a2) includes the step of approximating 
the footprint by a parallelogram. 

5- The method of claim 4, wherein the 
parallelogram diagonal closest to the further- 
apart footprint diagonal is selected as the box 
major direction, 

6, The method of claim 1, wherein step 
(c) includes the substeps of: (cl) constructing 
a set of un-normalized line equations (UNLEs) 
to characterize the footprint in texture space; 
5 (c2) determining, by use of the set of UNLEs, 
the direction of a center of each texel within 
the bounding box; and (c3) including in the 
footprint total only those texels having a 
center with a predetermined relationship to all 
10 UNLEs of the set. 

1 . The method of clain 6, wherein a set 
of gradients for two-dimensional transformation 
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of the image space into the texture space, are 
used for construction of th« UNLEs. 

8. The method of claim 7, wherein step 
(a) includes the substeps of: (al) constructing 
the pixel footprint as a quadrilateral on an 
array of texcls covering the at least on© 

5 polygon; U2) constructing a box in texture 
space bounding the footprint; and (a3) 
determining a bounding box major direction. 

9. The method of claim 8/ vherein 
substep (a3) includes the step of aligning the 
box major direction with the further-apart pair 
of opposed corners of the footprint. 

10 • The method of claim 9, wherein 
substep (a2) includes the step of approximating 
the footprint by a parallelogram. 

11. The method of claim 10, wherein the 
parallelogram diagonal closest to the further- 
apart footprint diagonal is selected as the box 
major direction. 

12. The method of claim 6, further 
included the steps of: traversing the UNLEs in 
a preselected direction about the perimeter of 
the footprint; and including a texel in the 

5 total area only if the UNLE results for that 
texel are all of like selected result. 
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13. The method of claim 1, Herein each 
texel is divided into a plurality of subtexels, 
and all of steps (b)-(d) are carried out for 
each gubtexol. 

14. The method of claim 13, wherein step 
(b) further including the step of selecting the 
LOD to cause at least S texels to cover the 
pixel footprint in the selected direction. 

15. A computer graphics acceleration 
method for selecting texel data, organized into 
plural levels-of-details (LODs). for use in 
display of image space pixels, comprising the 

5 steps of: 

defining a scene by objects visible 
therein to an observer, each object being 
defined by at least one polygon appearing in 
texture space and overlaid by a collection of 

10 texels; 

defining a footprint of a display pixel 
silhouette projected onto the textured object; 

defining a bounding box to cover the 
entire area of the projected pixel footprint; 
15 selecting a LOD for the texels, to cause a 

desired number of texels to lie along a main 
diagonal of the bounding box; and 

determining the total of all texels within 
the bounding box having a selected geometric 
20 location lying within the footprint and 
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contributing to the displayable attributes of 
the pixel* 

16. The method of claim 15, wherein each 
texel is subdivided into a plurality of 
subtexels, and further including the step of 
determining subpixels as contributing to the 
5 visible attributes of the pixel if the selected 
geometric location of a subtexel lies within 
the footprint- 

11. The method of claim 16, wherein the 
selected geometric location is the center of 
the subtexel being tested for inclusion in the 
contributing set. 

18. The method of claim 15, wherein the 
selected geometric location is the center of 
the texsl being tested for inclusion in the 
contributing set. 

19. The method of claim 15, wherein 
plural un-normalized line equations are 
compared to the selected location to determine 
inclusion of the associated texel in the 

5 contributing set- 

20. Apparatus for anisotropic mapping to 
determine textural attributes of each of plural 
pixels in a scene to be displayed by a computer 
image generator, comprising: 
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5 me>ans, receiving a designation of that 

image-space pixel (P 13 ) then being processed, 
for mapping an associated pixel footprint onto 
at least one associated object polygon in 
texture space; 
10 means for adjusting a level-of-detail 

(LOD) of the texels texturing said at least one 
polygon to be covered by at least a 
predetermined number of texels in a selected 
direction of texture space; 
is means for determining the accumulated 

number of full and partial texels covering the 
total anisotropic area of that footprint; 

means for determining the visual 
attributes for said pixel from the total texels 
20 accumulated therefore? and 

means for storing the determined visual 
attributes information for that pixel, to 
facilitate pixel display in its associated 
scene. 
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ANISOTROPIC TEXTURE MAPPING 
USING SILHOUE TTE / FOOTPRINT ANALYSIS 
IN A COMPUTER IMAGE GENERATION SYSTEM 

5 Abstract of the invention 

Anisctropically mapping of texture 
information to each pixel required lor display 
of each of plural polygons forming each scene 
on a CIG display in a computational efficient 

10 manner^ uses the footprint of each transformed 
pixel silhouette, as mapped from image space 
into the texture array/ to determine an 
anisotropic texture space area having both a 
related length and a related width, in which 

15 complete texels and texels fractions are 

covered by that pixel footprint, a set of un~ 
normalized line equations characterizing a 
particular pixel footprint is used to determine 
whether each toxel or subtaxel in the vicinity 

20 of that pixel footprint is either enclosed or 
avoided by (i.e* inside or outside of) that 
projected pixel footprint. 



